We describe a novel, multi-modal imaging protocol for validating quantitative dynamic airway imaging performed using anatomical Optical Coherence Tomography (aOCT). The aOCT system consists of a catheter-based aOCT probe that is deployed via a bronchoscope, while a programmable ventilator is used to control airway pressure. This setup is employed on the bed of a Siemens Biograph CT system capable of performing respiratory-gated acquisitions. In this arrangement the position of the aOCT catheter may be visualized with CT to aid in co-registration. Utilizing this setup we investigate multiple respiratory pressure parameters with aOCT, and respiratory-gated CT, on both ex vivo porcine trachea and live, anesthetized pigs. This acquisition protocol has enabled real-time measurement of airway deformation with simultaneous measurement of pressure under physiologically relevant static and dynamic conditions-inspiratory peak or peak positive airway pressures of 10-40 cm H 2 O, and 20-30 breaths per minute for dynamic studies. We subsequently compare the airway cross sectional areas (CSA) obtained from aOCT and CT, including the change in CSA at different stages of the breathing cycle for dynamic studies, and the CSA at different peak positive airway pressures for static studies. This approach has allowed us to improve our acquisition methodology and to validate aOCT measurements of the dynamic airway for the first time. We believe that this protocol will prove invaluable for aOCT system development and greatly facilitate translation of OCT systems for airway imaging into the clinical setting.
INTRODUCTION
Anatomical Optical Coherence Tomography (aOCT) is a promising modality for airway imaging that can be performed in the physician's office and can yield high resolution, quantitative airway morphology information for improved diagnoses of airway disorders 1 . Several authors have explored the use of OCT for imaging various regions of the airway, both in humans 6, 4, 12 and in animal models 5, 10, 16 . In these studies, aOCT imaging was typically performed under static conditions (for instance at the end of expiration). In such cases, the OCT system was validated against a known phantom and then used to measure tissue morphology or properties within the airway. Studies have also attempted to validate OCT-derived measurements in the airways either qualitatively with images acquired during video endoscopy 17 or quantitatively with histology 13, 5, 16 and with CT scans 14, 15 .
However, the in vivo mechanical behavior of the airways remains poorly understood and the dynamic changes in the airway geometry during respiration are fundamental to understanding the pathogenesis of obstructive airway disorders such as obstructive sleep apnea syndrome (OSAS) 7 . Significant differences in fluctuations in airway area 8 or the patterns of dynamic airway motion 9 between healthy controls and patients with OSAS have been observed. In addition, assessing airway tissue mechanics in vivo could also be important for studying airway remodeling in diseases such as asthma 10, 11 . Fourier Domain OCT, owing to its high temporal and spatial resolution, is ideally suited for dynamic airway imaging. A few studies 10, 11 have performed endoscopic OCT imaging under dynamic conditions, either during tidal breathing or under positive pressure ventilation. In such cases, a simple elastic phantom was typically used for the validation of dynamic OCT imaging or elastography. To the best of our knowledge, dynamic OCT imaging studies of the airways have not been validated against images obtained by another modality within the same specimen under ventilation or tidal breathing.
We have developed an experimental protocol for airway imaging, where both CT and aOCT scans of the airway are performed sequentially during a single exam in a porcine airway model. The setup also includes a ventilator to apply known external positive pressure during imaging and pressure data is acquired synchronously with the OCT data. The protocol is flexible enough to be applied to either ex vivo or in vivo airway animal studies and can be extended for use in quantitative elastography of the airways. The primary objective of the methods, presented here, is to optimize the aOCT acquisition methodology to improve its accuracy in determining the local airway geometry and elastic properties. Our initial efforts have focused on imaging the trachea due to its relatively simpler geometry and properties as compared to the rest of the airway. We hope to extend the methods developed on the trachea to the more proximal and distal airways in the future.
MATERIALS & METHODS
The aOCT system used for the experiments has been previously described 2 . Briefly, it utilizes a wavelength-swept laser source (5 kHz sweep rate, 1310 nm center wavelength, 30 nm sweep range) in a Mach-Zehnder interferometer with a balanced photodetector. The sample arm of the interferometer includes a flexible 170 cm long fiber catheter placed in a protective sheath. The catheter and sheath assembly is 0.86 mm in diameter and is attached at the proximal end to a rotational/ translational stage, which was used to perform rotational scans at 20 Hz with or without simultaneous pullback at 6 mm/s to scan the specimen under test.
Imaging was performed in the trachea of excised porcine airways or anesthetized live pigs placed on the bed of a Siemens Biograph 64 slice CT system (Siemens Medical Solutions USA Inc.). An endotracheal tube with an inflatable cuff was placed in the airway and a dual swivel adapter was connected to it. The output of a SERVO 900C ventilator (Siemens-Elema AB) was connected to the adapter and used to provide either static continuous positive airway pressures or dynamic pressure controlled ventilation. A flexible 2.5 mm pediatric bronchoscope (11003BC, Karl Storz GmbH & Co.) was introduced into the airway, through the swivel adapter. Video endoscopy was used for real-time guidance of the procedure (see Figure 1(a) ). The aOCT catheter was introduced into the trachea through the working channel of the bronchoscope. The pressure signal measured at the inspiratory port of the ventilator was digitized at 1.67 kHz, using the laser sweep trigger as the digitization clock, to provide real-time pressure data during the aOCT scans. Imaging on the specimens were performed sequentially with aOCT and CT under multiple static inspiratory pressures or dynamic pressure controlled ventilation with multiple peak inspiratory pressures. For static pressure scans, the ventilator maintained 0 (no pressure), 10, 20 or 30 cm H 2 O continuous positive airway pressures. At each pressure setting, aOCT and CT scans were performed serially with the bronchoscope at a fixed position. For aOCT imaging, the catheter tip was extended ~28 mm from the bronchoscope tip and a helical pull-back scan was performed, providing 20 frames/s of the target luminal cross-section at a pitch of 0.3 mm. Subsequently, a CT scan with 0.26 mm in-slice pixel spacing and 0.6 mm slice thickness was performed with a field of view large enough to cover the entire airway.
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For the dynamic pressure scans, the ventilator was configured to operate in a pressure controlled ventilation mode with the peak inspiratory pressure level of 10, 20, 30 or 40 cm H 2 O and at 20 or 30 breaths per minute (bpm). aOCT and CT scans were again performed sequentially at each pressure level with the bronchoscope at a fixed position. The aOCT imaging was performed with similar positioning and rotation rate, but without pull-back. Under dynamic pressures a respiratory gating system (AZ-733V, Anzai Medical Co. Ltd.) was used to acquire CT volumes at specific stages of the respiratory cycle with 0.6 mm pixel spacing and 0.6 mm slice thickness.
The respiratory gating system uses a load cell-based sensor to detect the pig's abdominal motion (see Figure 1 (b)) and the abdominal displacement information is processed to determine the respiratory signal, with inspiratory and expiratory phases of the respiratory signal identified using the mean signal level. Each phase was further subdivided into multiple segments with uniform intervals. The CT acquisitions were prospectively triggered at pre-defined segments of the respiratory cycle. In these experiments, CT volumes were acquired at 20% increments of the respiratory signal, yielding 11 volumes (6 volumes during Expiration: Ex100%, Ex80%…Ex0% and 5 volumes during Inspiration: In20%, In40%…In100%) during one respiratory cycle. Respiratory gating for ex vivo airways was performed by attaching the respiratory sensor to a bag, which was connected to the ventilation circuit by means of a T-connector. The inflation and deflation of the bag during ventilation served as a surrogate for abdominal motion.
The ex vivo porcine airways were suctioned to remove any secretions and the bronchial openings of the tracheas were sutured, to prevent air leakage during the experiments, prior to intubation and imaging. The live animals were anesthetized with Propofol and intubated before the experiments began. The animal's vital signs were monitored throughout the experiment and an appropriate level of anesthesia was maintained by veterinarians and by veterinary technicians. The animal was ventilated with weight appropriate settings prior to and between each data acquisition. The experimental methods used were approved by the Institutional Animal Care and Use Committee at the University of North Carolina, Chapel Hill.
The acquired images were analyzed to determine the Cross Sectional Area (CSA, in mm 2 ); for analysis of the aOCT images, the luminal surface was segmented using a semi-automated segmentation algorithm similar to our previous method 2, 3 , CT images were segmented manually using Mimics (Materialise NV). The position of the aOCT catheter seen on the CT axial images was used to co-register the aOCT and CT images prior to any comparison between them. The cross sectional information derived from the trachea, in combination with pressure, can also be used to infer its elastic properties. In the case of static pressure scans of the ex vivo trachea, the intraluminal pressure is the same as the pressure measured at the ventilator and there is no flow. In such cases, the elastic properties of the trachea may be directly computed from the change in cross sectional shape with pressure. However, under dynamic ventilation or for an in vivo trachea, the pressure within the trachea is different from the externally applied pressures due to flow and only qualitative information about the tissue elastic properties may be inferred from the change in cross sectional shape and the pressures measured at the ventilator. Importantly, the propensity of a local region of the airway to collapse may be quantified by its compliance 17, 14 , one measure of this is the Cross Sectional Compliance 2 (CC, mm 2 /cm H 2 O), defined as the slope of the CSA-pressure curve (∆ ∆ ⁄ ). The local CC was computed along the length of the trachea with the static pressure scans on ex vivo tracheae.
RESULTS
We performed imaging using the protocol described above on three excised airways and on three live animals. The experimental procedure was refined over these multiple trials. In some of these cases, the imaging parameters were suboptimal or the results were incorrect due to leaks in the endotracheal cuff or the sutured ex vivo airway. This section presents representative results in one live animal and one ex vivo trachea.
Under dynamic pressure settings, the aOCT scans were performed without pull-back to acquire images that depict the change in cross sectional shape as a function of time at one position in the trachea. In the case of static pressure scans, the aOCT imaging was performed with pull-back to obtain the cross sectional images of the trachea as a function of distance along the trachea at one positive pressure level. By repeating this procedure at multiple pressures the variation in tracheal shape or volume as a function of pressure was obtained. For both of these cases, the CT scan was performed with a Field of view large enough to cover the whole trachea, which allowed us to determine the cross sectional configuration and size at all points along the trachea. 
In vivo trachea results
The variation in CSA under dynamic pressure controlled ventilation in the live animal trachea at a fixed position for aOCT and CT are shown in Figure 2 
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shows that the change in aOCT CSA measurements over the respiratory cycle correlate well with the CT-derived measurements. The aOCT system acquires 20 cross sectional images per second and therefore acquired 60 measurements over one respiratory cycle; the respiratory gated CT, on the other hand, imaged the trachea at 11 points over the respiratory cycle.
Measurements were repeated, at the same position and with the similar ventilator settings as above, at additional nominal maximum inspiratory pressures of 10, 30 and 40 cm H 2 O. Figures 3(a) and (b) show the results of these experiments as measured by aOCT and CT respectively. The trend in aOCT and CT measured CSA were similar but not identical at the different pressure settings (Figures 3(a) and (b)). The differences in CSA obtained with the two techniques are demonstrated in a Bland-Altman plot ( Figure  3(c) ), the mean difference between the measurements of CSA was 5.85 mm 2 with limits of agreement (2 SD) from -6.14 to 17.83 mm 2 .
Ex vivo trachea results
The variation in CSA under dynamic pressure controlled ventilation in an ex vivo trachea at a fixed position for the aOCT and CT scans are shown in Figure 4 . The ventilator was programmed to deliver 30 bpm with 1:1 Inspiration: Expiration time ratio and 45 cm H 2 O of nominal maximum inspiratory pressure. In his case, the aOCT system produced 40 measurements over a respiratory cycle, whereas, the respiratory gated CT scans produced 11 measurements. The aOCT system was able to follow the ∆ over time reasonably well and the trend of increasing CSA with increasing pressure was well depicted (Figure 4(c) ) in spite of the differences in the absolute CSA measured (Figure 4(a) and (b) ). 
DISCUSSION
This study describes an experimental protocol that enables real-time acquisition of changes in the tracheal geometry with aOCT and CT under externally applied static or dynamic pressures. The acquired images, with both modalities, were subsequently analyzed to determine the airway CSA. The CSA at different peak positive airway pressures and the variation of CSA at different stages of the breathing cycle under various conditions were compared. The trend observed in ∆ was roughly similar in both aOCT and CT scans. We observed important differences between ex vivo and in vivo tracheae when subjected to similar ventilation protocols. The behavior of CSA variation in the in vivo trachea, as seen on Figures 3(a) and (b) , was remarkable for several reasons: the maximum CSA was the same at all pressure levels and differences in pressures only resulted in differing CSA ranges. It was also interesting to note that the nature of CSA variation with pressure in vivo was different from that observed in the ex vivo case: Figures 4(a) and (b) are roughly square-wave shaped, while Figures 3(a) and (b) appear saw toothed in shape. This phenomenon is probably attributable to the fact that the soft tissue and skeletal envelope restrict the distension of the trachea in the in vivo case; on the other hand, the ex vivo trachea has no soft tissue or thorax surrounding it and can therefore distend more. Additionally, the variation of pressure with time at the site of measurement is different in the in vivo case, due to the pleural pressure and possibly the action of the airway muscles. (Figure 5(c) ). The trend of ∆ with ∆ has been shown to be linear in our previous ex vivo experiments 2 and the non-linearity observed during these experiments could be due to the tracheae reaching their maximal distension at higher pressures. The aOCT-and CT-derived CC along the length of the ex vivo trachea were also compared and the observed trends were similar ( Figure 5(d) ).
The differences in the absolute values of CSA measured by OCT and CT in the in vivo trachea was similar to those reported by other studies 14, 3 . However, the aOCT results overestimate the CSA when compared to the CT-derived measurements and in the ex vivo case the differences in the measurements by the two methods are significantly larger. The observed differences in the CSA measured with aOCT and CT could be due to a combination of non-uniform rotational distortion (NURD), place-matching errors between the location of the measurements and differences between the planes of data acquisition. NURD is caused by bending of the long catheter that results in variable friction between the rotating catheter and the sheath; under clinical conditions such bends are unavoidable and the non-uniformity of the rotation rate is very difficult to predict or control. The use of catheter tube materials to reduce friction, better torque transmission methods or post-processing algorithms for detecting the rotation rate could help mitigate the effect of such distortions. The contribution of misregistration is not considered to be significant as the catheter tip was used to correlate the CT and aOCT images during our experiments. The aOCT images are acquired without an absolute coordinate system, therefore a tilt in the catheter tip could result in undetected changes in the plane of image acquisition-which in turn would result in differences in CSA measured at a given location within the trachea by the two methods. In our case, since only the trachea was imaged (which has a relatively circular profile), the contribution of this factor to the CSA differences observed is considered to be minimal. Lastly, the lower resolution and limited soft tissue contrast in the CT images compared to aOCT could also lead to differences in CSA measured. However, such factors would probably result in an approximately constant offset between the aOCT and CT measurements on the trachea.
It should be noted that the presented experimental protocol has several important limitations. The endotracheal tube bypasses the upper airway, which is the site for airway collapse in OSAS. The experimental methods presented would have to be modified to use a face-mask instead of an endotracheal tube for upper airway studies or employ a native airway. The ventilation protocol utilizes positive pressure ventilation which is not physiological in nature. Nevertheless, the use of positive pressures allows us to assess the tracheal elastic properties by measuring pressures externally at the ventilator. Additionally, the inspiratory pressure was measured at the ventilator, rather than in situ. Both of these limitations can be overcome by the use of a pressure catheter to measure pressures within the trachea at the site of aOCT imaging and subsequently making measurements during spontaneous respiration. The respiratory gated CT acquisitions only acquire 11 samples over the entire respiratory cycle that is 2 or 3 seconds in duration, this may be inadequate to assess any rapid dynamic changes in the airway. While this resolution proved adequate for the comparisons presented here, better assessments could be made by the use of Cine CT acquisition. Finally, CT and aOCT were not acquired simultaneously; however, this should not affect the results presented due to the use of a controlled ventilation setup, respiratory gating, and the close temporal acquisition of the paired data sets.
We believe that the methods described here represent a promising protocol to validate airway OCT measurements under realistic, dynamic conditions. Such validation methods have an important role to play in aOCT system development and will greatly facilitate clinical translation of OCT systems for airway imaging.
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